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Aluminoborane compounds AlB4H11, AlB5H12, and AlB6H13 were reported by Himpsl and Bond in 1981, but
they have eluded the attention of the worldwide hydrogen storage research community for more than a quarter
of a century. These aluminoborane compounds have very attractive properties for hydrogen storage: high
hydrogen capacity (i.e., 13.5, 12.9, and 12.4 wt % H, respectively) and attractive hydrogen desorption
temperature (i.e., AlB4H11 decomposes at ∼125 °C). We have synthesized AlB4H11 and studied its thermal
desorption behavior using temperature-programmed desorption with mass spectrometry, gas volumetric
(Sieverts) measurement, infrared (IR) spectroscopy, and solid state nuclear magnetic resonance (NMR).
Rehydrogenation of hydrogen-desorbed products was performed and encouraging evidence of at least partial
reversibility for hydrogenation at relatively mild conditions is observed. Our chemical analysis indicates that
the formula for the compound is closer to AlB4H12 than AlB4H11.
Introduction
The U.S. Department of Energy (DOE) defines on-board
hydrogen storage for mobile vehicles as a “Grand Challenge”
and as one of the greatest hurdles to the implementation of
hydrogen-powered vehicles.1,2 Metal hydrides have the advan-
tages of the highest volumetric density, relatively low working
pressure, and reasonable working temperature range. The
disadvantage of current reversible hydrides is a significant
weight penalty. Metal borohydrides3 have among the highest
gravimetric hydrogen storage capacities with the potential to
meet the DOE gravimetric density targets and to offset the
system weight penalties. However, desorption temperatures,
reversibility, and diborane formation during desorption are
challenging issues for these materials.3
The aluminoborane compounds AlB4H11, AlB5H12, and
AlB6H13 have been reported only in a paper by Himpsl and
Bond,4 but these hydrides have very attractive properties for
hydrogen storage. First, their very high total hydrogen contents
of 13.5, 12.9, and 12.4 wt % H, respectively, have the potential
to meet the DOE 2010 storage system targets.1,2 Second, they
exhibit remarkable stability (they are described as amorphous
solids stable up to 100-140 °C) in stark contrast to Al(BH4)3
that boils at about 44.5 °C. Third, they decompose at attractive
temperatures and relatively cleanly (e.g., AlB4H11 decomposes
at ∼125 °C, and hydrogen is predominantly the gaseous
decomposition product according to Himpsl and Bond 4). With
appropriate catalysts, the decomposition temperature may be
further reduced to <100 °C, thus compatible with the use of
PEM fuel cell exhaust for desorption. Fourth, because they are
amorphous solids before decomposition, these phases are
potentially easier to add elements to fine-tune their thermody-
namic properties. If the decomposition product remains amor-
phous, the hydrogen recharging kinetics may be fast since it
may not involve reacting two segregated phases. Lastly, they
are made up of cheap and abundant elements; thus they can
potentially be made cost effectively for millions of vehicles.
To our knowledge, no study on these compounds has been
reported in the literature since the original 1981 report from
Himpsl and Bond.4 The current study explores one of these
compounds AlB4H11 as a potential reversible hydrogen storage
material.
Preparation and Initial Characterization of AlB4H11
The synthesis of AlB4H11 was accomplished following the
procedure reported by Himpsl and Bond4
2Al(BH4)3 +B2H6T 2AlB4H11 + 4H2 (1)
However, the first step is the preparation of aluminum
borohydride (Al(BH4)3) since it is not commercially available.
Synthesis of Al(BH4)3. The synthesis of the aluminum
borohydride was modeled after established methods.5,6 In an
argon filled glovebox, 2.892 g of anhydrous AlCl3 (21.7 mmol)
and finely divided LiBH4 (2.0 g, 90.9 mmol) along with a
magnetic stir bar was added to a 100 mL long-neck round-
bottom flask that was fitted with a 14 mm Ace threaded fitting.
Following this, a 1/2 in. stopcock with an O-ring vacuum fitting
on the opposing end was put in place using an Ace compression
adapter fitting. The entire reaction flask assembly was then put
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into place on the end of a series of two cold traps that are
connected directly to the vacuum system. As the reaction flask
was evacuated, a dewar containing a slush bath of dry
ice/chloroform (-60 °C) was placed on the cold trap (T1) closest
to the reaction flask, while a Dewar containing liquid nitrogen
(-178 °C) was placed on the cold trap (T2) adjacent to the
vacuum system. With gentle heating (to 50-70 °C) and
occasional stirring, the reaction proceeded with the Al(BH4)3
condensing in T2. Periodically, T2 was vacuum transferred into
an attached stopcock-fitted sample vial suitable for long-term
storage. As the reaction slowed, the oil bath temperature was
raised to 80, 90, 110, and finally 130 °C (at 30-40 min.
intervals) with the final temperature maintained until no more
product was being produced. The reaction was complete after
7 h, and the resulting Al(BH4)3 yield was 1.46 g (2.65 mL of
liquid) of aluminum borohydride or 94.0% of theoretical.
Synthesis of AlB4H11. We utilized a specialized reaction
vessel, patterned after that reported in Himpsl’s dissertation,7
which is composed of two sections separated by a fritted glass
filter. An important feature of this apparatus is that the product
can be filtered and washed with aliquots of fresh benzene within
the same reaction vessel while maintaining either a vacuum or
an inert atmosphere. Modifications of this reaction vessel include
O-ring fittings placed on both ends and positioned such that
the vessel can be easily connected to the vacuum system in the
upright or inverted position. Air-free stopcocks are also placed
on either end to allow the sealing and transfer of the entire
reaction vessel into the glovebox. The bottom portion of the
reaction vessel is also fitted with a 5.5 cm O-ring fitting allowing
the opening of the vessel to remove the product. Two large
clamps hold this assembly in place and have proven leak-free
under normal operating conditions. The diborane used in this
experiment was obtained by passing 10% diborane in hydrogen
(Air Liquide) through a liquid N2 trap directly attached to the
vacuum system and adjacent to the reaction vessel. This
procedure allows diborane to be safely stored in the cylinder
and to be conveniently separated (and accurately measured) from
the hydrogen. It was found (as was discussed by Himpsl4,7) that
a 1.2 atm pressure of diborane in the reaction vessel was
necessary for the product to form.
In a typical reaction, 40.0 mL of dry benzene and a magnetic
stir bar was loaded into the reaction vessel while in an argon-
filled glovebox. The loaded reaction vessel was then placed on
the vacuum system and (with the benzene frozen by liquid
nitrogen) the vessel was evacuated to <10-4 Torr. At this time,
11.7 mmol of Al(BH4)3 was vacuum transferred into the reaction
vessel on top of the frozen benzene. The vessel was then brought
to room temperature and the resulting Al(BH4)3/benzene solution
was briefly stirred and then refrozen with liquid nitrogen. With
the vessel once again evacuated, ∼25.6 mmol of diborane was
condensed onto the frozen reaction materials. The reaction vessel
was then sealed off from the vacuum system and allowed to
warm to room temperature. An oil bath (and magnetic stirrer)
was put in place on the bottom of the reaction vessel with the
level of oil positioned 0.5 cm below the top level of the benzene
reaction solvent. After 18 h of heating at 90 °C with constant
stirring, a white, finely divided solid was obtained. This solid
was dried for 12 h under vacuum, then placed in a quartz tube
and further dried under vacuum while being placed in a 50 °C
oil bath for 12 h. From this reaction, ∼798.0 mg of material
was obtained, giving a 83.8% yield.
Aluminum and boron elemental analysis was performed using
a Thermo IRIS Intrepid II inductively coupled plasma atomic
emissions spectrometer. Found (in wt %): Al, 33.5; B, 51.9 (the
B/Al molar ratio was 3.9). Calculated for AlB4H11 (in wt %):
Al, 33.2; B, 53.2.
The hydrogen elemental analysis was performed through the
use of an “alcoholysis” process by reacting 37-42 mg of the
material with methanol in a closed vacuum system. Although
the exact mechanism for this alcoholysis is not well defined, it
is reasonable to assume that both the alcohol and aluminoborane
contribute one hydrogen each to form molecular H2. Given this
situation, the number of moles of H2 produced from this reaction
should be equal to the number of active hydrogens found on
the aluminum boron hydride compound (i.e., 11 moles of H2
from AlB4H11 and 12 moles of H2 from AlB4H12). All resulting
volatile materials formed such as B(OMe)3, as was found by
MS analysis, including any excess methanol were condensed
into a liquid N2 cold trap and the remaining hydrogen pressure
was measured and converted to moles H2 using the known
volume of the vacuum system. Found: 11.7 mol H2 per mole
of material (if as AlB4H11) or 11.8 H2 per mole of material (if
as AlB4H12). These results tend to indicate that the latter 4-12
species is the correct formula. This method of analysis has been
known to be reliable with only slight experimental error. The
gauge alone only reports an error of (0.1 torr, which should
work out to be only about ( 0.002 mmol.
The infrared spectra of these products were obtained using a
Digilab FTS 7000 FTIR spectrophotometer. The FTIR spectrum
of the material is shown in Figure 1a and was obtained using a
Nujol mull on NaCl plates (under inert atmosphere) modeling
the same procedure Himpsl and Bond used. Although this
spectrum was consistent with that previously reported by Himpsl
and Bond for AlB4H11,4,7 another FTIR spectrum of the same
material (this time performed using samples pressed into KBr
pellets) shown in Figure 1b reveals additional peaks at 1488
cm-1 with a shoulder at 1393 cm-1. These peaks best correspond
to those of Al-H-B hydrogen bridging peaks discussed in
reports of aluminum borohydride and related derivatives.8 An
additional strong peak at 703.8 cm-1, not mentioned in the report
of Himpsl and Bond (since they also used a Nujol mull in their
IR analysis), may be indicative of the long-range Al---B stretch
also found in the aforementioned aluminum borohydride materi-
als.8 These results offer strong evidence that the structure of
AlB4H11 (of which is most probably AlB4H12) does not agree
with what was originally proposed by Himpsl and Bond.4 Note
that no Al-H-B bonds were taken into account and the “closed
three-center bonds” among aluminum and borons were the key
feature of their structural model.
The thermal decomposition of this material was studied by
temperature programmed desorption with mass spectrometry
(TPD-MS) while allowing the evolved gases to expand into the
manifold of a vacuum system (see Figure 2). At a 1 °C/min
ramp rate, the hydrogen desorption started at ∼125 °C and was
terminated at about 250 °C. The appearance of diborane was
found by TPD-MS analysis. It was also observed that this
material underwent a complete solid-state desorption process
without melting. The evolution of hydrogen was followed by
the increase in pressure of the vacuum system as well as by
MS. The former method provided greater precision because
hydrogen has a low cross-section for electron impact ionization
in MS.
Figures 3 and 4 show the total ion count (TIC) from the mass
spectrometer, which was recorded in parallel with the pressure
measurement as the temperature was ramped at 1 °C/min to
250 °C. The MS, as well as total pressure measurement, shows
that desorption of gas began close to 125 °C and started to level
off at about 180 °C. The mass spectrum in the vicinity of the
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first hump in the TIC clearly showed the presence of diborane
by the characteristic peaks at M/e 11, 12, and 13, as well as
peaks at M/e 23, 24, 25, 26, and 27. Although the MS seems to
indicate that diborane was present from the beginning of
desorption until the end, it has been observed in several other
instances (when using this closed vacuum setup under these
conditions) that those species detected at the beginning of
desorption may or may not continue to be evolved. The gas is
being evolved into a closed system with fixed volume that is
isolated from dynamic pumping, and the apparent increase in
concentration (of the diborane, for example) may be only due
to the rise in total system pressure resulting from the evolution
of hydrogen during the main desorption event.
Referring back to Figures 2, 3, and 4, we see that the
hydrogen evolution follows a simple and steady increase while
the diborane appears to follow a two step desorption process.
Looking closer we see the first step leveling of the diborane
desorption precedes the hydrogen desorption while the second
increase in diborane signal directly coincides with the beginning
of the hydrogen desorption event. In this latter case, we propose
that the increasing hydrogen pressure is responsible for the
second increase of the diborane. From these results, we conclude
that either the diborane is only desorbed in the lower temper-
Figure 1. (a) The IR spectrum recorded from a Nujol mull of synthesized AlB4H11. (b) The IR spectrum of the same material in a KBr pressed pellet.
Figure 2. Thermal desorption of AlB4H11 measured with TPD-MS.
The wt % H was calculated from the measurement of H2 pressure
recorded during desorption as it occurred in a known volume of a closed
vacuum system.
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Figure 3. Total ion count (TIC) during the TPD-MS experiment (top) and the mass spectrum (bottom) in the vicinity of the first hump in TIC
curve during desorption of AlB4H11.
Figure 4. Total ion count (TIC) during the TPD-MS experiment: (a) M/e ) 2 for H2 and (b) M/e ) 12, 24, and 27 for B2H6.
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atures, or the diborane evolved at higher temperatures undergoes
rapid decomposition to form hydrogen and some form of a (BH)n
solid.9
An attempt to isolate this diborane by trapping it with liquid
nitrogen after completion of desorption yielded only a small
amount of diborane (∼1% of total gas volume as measured in
the closed vacuum system). Additional experiments with a liquid
nitrogen cooled trap in place during the entire desorption
reaction will be needed to obtain a more quantitative value for
the amount of diborane produced.
Volumetric Desorption and Hydrogenation of AB4H11
Thermal desorption measurements were performed on two
separate preparations of AB4H11 using a Sieverts pressure-
composition-temperature (PCT) apparatus previously de-
scribed.10 The results from a multiple step desorption to 400
°C (Figure 5) show that the desorption had already started before
140 °C with more than 6 wt % H released quickly at 200 °C,
about 8 wt % at 250 °C, and about 11 wt % total at 400 °C.
This total amount of hydrogen from volumetric measurements
was consistent with the gravimetric measurement of the starting
and finished sample, thus indicating that the desorbed gas was
predominantly hydrogen.
Powder X-ray diffraction (XRD) curves revealed only
amorphous phases for this 400 °C desorbed sample and an as-
prepared AlB4H11 as shown by curves E and C, respectively, in
Figure 6. The XRD measurements were performed at room
temperature on a Siemans D500 diffractometer operating with
copper KR radiation. A small amount of NIST-traceable silicon
powder was added to AlB4H11 and related XRD samples as a
reference material. While in a glovebox, the powders were
placed on a XRD cell between two Kapton films to reduce
scattering background and the loaded cells were stored under
argon until the XRD data was collected.
Solid-state magic angle spinning (MAS) NMR measurements
were performed on both the as-made and desorbed AlB4H11
materials as well as several reference compounds such as Al
metal, amorphous elemental boron (a-B), and alane (AlH3). The
MAS NMR spectra were obtained using a Bruker Avance 500
MHz spectrometer with a wide bore 11.7 T magnet and
employing a boron-free Bruker 4 mm CPMAS probe.10,11 The
spectral frequencies were 500.23 MHz for the 1H nucleus,
160.50 MHz for the 11B nucleus, and 130.35 MHz for 27Al
nucleus. NMR shifts are reported in parts per million (ppm)
when externally referenced to tetramethylsilane (TMS),
BF3 ·O(CH2CH3)2, and 1.0 M of Al(NO3)3 aqueous solution at
0 ppm for 1H, 11B, and 27Al nuclei, respectively. The powder
samples as-made and collected after decomposition reactions
were packed into 4 mm ZrO2 rotors and were sealed with kel-F
caps under argon as described previously.11 Sample spinning
was performed under dry nitrogen gas. The one-dimensional
(1D) 11B and 27Al MAS NMR spectra were acquired after a 0.5
µs single pulse (<π/12 or <π/18) with application of strong
1H decoupling pulse. The 11B cross polarization (CP) MAS
experiments were also performed using the same methods used
recently on several borohydrides.10,11 11B and 27Al multiple-
quantum (MQ) MAS NMR 12,13 spectra were obtained using
the standard Z-filtered scheme14 and presented after the shearing
transformation.13
Figure 5. Thermal desorption of AlB4H11 measured using a PCT (Sieverts) apparatus.
Figure 6. X-ray diffraction curves for the following materials each
containing an internal reference of silicon (Si): Commercial AlB2
(Cerac) containing Al metal and other impurities (Curve A); AlB4H11
(ORNL-2) + TiCl3 following a single desorption/absorption cycle at
200 °C (Curve B); AlB4H11 (ORNL-2) as-made (Curve C); AlB4H11
(ORNL-1) after a 400 °C desorption followed by a 300 °C absorption
(Curve D); and AB4H11 (ORNL-1) after a 400 °C desorption (Curve
E).
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Solid State NMR Characterization of As-Prepared
AlB4H11
The as-prepared AlB4H11 compound was examined by
obtaining multinuclear MAS NMR spectra of 1H, 11B, and 27Al
nuclei in order to probe the local bonding geometry of the
molecule. 1H MAS NMR spectrum (see below) showed the
signature of strong homonuclear 1H-1H dipole coupling and
revealed single peak at 0.9 ppm with a number of spinning
sidebands at a spinning rate of 15 kHz. No noticeable appearance
of multiple 1H NMR peaks was observed in the centerband of
MAS spectra even in the case of MAS spinning rate raised as
high as 40 kHz using a 2 mm probe, indicating that all hydrogen
in the molecule is being detected as one magnetically identical
environment under the current capability of resolution. Interest-
ingly, the static 1H NMR (no spinning, Figure 7) line shape of
AlB4H11 appears to be distinctive from those of typical boro-
hydride compounds like LiBH4 or aluminum hydrides like AlH3,
but rather seemingly a combination of two components. From
the finding of IR investigation (see above), it is possible to
speculate that the characteristic line shape could be associated
with the hydrogen in an environment of Al-H-B bridging
bonds. The details in spectral characterization and dynamic
behavior of hydrogen in the bridging bonds of AlB4H11 will be
further investigated and published elsewhere in the near future.
11B and 27Al MAS NMR spectra of as-prepared AlB4H11 are
shown in Figure 8. Two boron sites are well resolved and the
population ratio was measured to be about 2:1 between the two
sites (-37.4 and -50 ppm). 11B MQMAS spectrum confirms
the presence of two boron sites with their contour diagram
stretched widely along the isotropic chemical shift axis, which
implies highly disordered bonding around the boron sites.11 27Al
MAS NMR spectra of AlB4H11 at different spinning rates, on
the other hand, reveal primarily single aluminum site that
appeared to give rise to a characteristic MAS powder pattern,
which is associated with sizable second order quadrupole
broadening.16 The quadrupole coupling constant (Cq) and the
asymmetry parameter (ηq) were estimated to be 13.3 MHz and
0.3, respectively, when a reasonable fit of the MAS spectrum
at 16.5 kHz was made using the Quasar software.17 These
parameters indicate that the coordination geometry around
aluminum atoms are not as symmetric as in typical AlH4 or
AlH6 type of bonds in alanates, where quadrupole coupling
constants were reported to be about 1-4 MHz.19 27Al MQMAS
NMR spectrum illustrates that the MAS spectrum (Figure 8c)
mainly originates from the anisotropic broadening of the Al
nucleus (along the anisotropic axis) of a single site. It is
interesting to note that few minor species were also detected in
the 2D spectrum while their presence was not seen clearly in
the MAS spectrum. We believe that these peaks at 0 and 30
ppm are due to unknown impurities. Both 11B and 27Al CPMAS
NMR spectra (not shown) were also observed readily using a 4
mm CPMAS probe and a spinning rate of 15 kHz, implying
that the presence of B-H and Al-H bonds is very possible.
Desorption and Re-Absorption of AlB4H11
Figure 9 shows multinuclear solid state NMR investigation
of AlB4H11 samples collected after the desorption and re-
absorption treatments. The signal change in 1H MAS NMR
spectra (Figure 9a) of samples before and after the 400 °C
desorption indicates that about 75% of hydrogen was removed
for the material used in the PCT treatment shown in Figure 5.
This decrease would give ∼10 wt % H loss, again consistent
with the data from desorption measurements. 11B MAS NMR
spectrum after desorption at 400 °C is shown in Figure 9b along
with that of the starting reactant. After desorption, just a broad
(∼5 kHz) single 11B resonance is centered at -2 ppm in the
upper portion of Figure 9b, indicating the formation of an
amorphous phase to be discussed further below. The 11B
CPMAS NMR signal (not shown) was also detected with a
greatly reduced intensity in this desorbed sample. Hence, part
of the responsible phase may contain B-H bonds. The 11B
chemical shift was several ppm upfield from that of amorphous
elemental boron (∼5 ppm) as shown from reference spectra of
a-B (Alfa) in Figure 9b. As a matter of fact, this 11B MAS NMR
chemical shift appears to be quite close to that of AlB2 (Cerac)
as shown in Figure 9b.
27Al MAS NMR spectrum (Figure 9c) after the desorption
reaction shows no clearly defined shape but severely broadened
spectral line shape at similar line position to the reactant species.
The spectrum is clearly distinctive from that of AlB2 (obtained
from Cerac, Inc.), which shows a broad peak at ∼900 ppm
(Figure 9c). The broad peak can be assigned to the characteristic
Al site of AlB2 phase from a comparison to the recent isotropic
27Al chemical shift (δiso) of 880 ( 20 ppm obtained with MAS
in AlB2 by Pavarini et al.18 The authors also reported a δiso of
-10 ( 5 ppm for the 11B nuclei in AlB2, which appears to
agree reasonably well with 11B peak of AlB2 in the present work.
Also note that the strong peak at ∼1640 ppm shows that the
as-received AlB2 material contains a significant amount of Al
metal, the presence of which was also confirmed by the XRD
peaks in Curve A of Figure 6. Also note that no Al metal peak
was observed after the desorption reaction heating to either 200
or 400 °C in the present study. We have also included 27Al MAS
NMR spectrum of R-phase AlH3 (Figure 9c) in order to rule
out a possible scenario of formation of AlHn type of species as
a result of the desorption reaction. The 27Al MAS NMR
spectrum of R-AlH319 even provides a good comparison to that
of as-prepared AlB4H11, showing that Al coordination geometry
of AlB4H11 is clearly differentiated from octahedral [AlH6]3-
units bearing Al-H-Al type bonds.20
From the inconsistency between 27Al and 11B NMR results
presented above, it is unlikely that our present NMR results
support the formation of AlB2. From the facts that 27Al NMR
shift of the desorbed sample did not change from that of the
reactant and that corresponding 11B NMR signal is associated
with B-H bonds (from CPMAS NMR), an amorphous inter-
mediate species like AlBxHy is responsible for both 27Al and
11B NMR spectra.
Two recharging experiments were performed on both as
synthesized and TiCl3-catalyzed AlB4H11 samples. The as
Figure 7. 1H static NMR spectra of AlB4H11, LiBH4 (Sigma-Aldrich),
and AlH3 (Dow). The sharp line of AlH3 is due to trapped H2 gas
molecules.15
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synthesized sample (using the ORNL-1 preparation) was first
desorbed to 400 °C for 11 h and then recharged at 300 °C for
11 h under ∼ 90 bar of hydrogen. No appreciable hydrogen
absorption was observed in this sample. The recharged sample
showed very minor increase of 1H NMR signal (see Figure 9a),
reconfirming that there is no major hydrogen recharging in this
sample. The XRD Curve E in Figure 6 of the as-desorbed
sample showed no crystalline peaks, thus indicating the
amorphous nature of the desorption products. Only after 11 h
of hydrogen recharging at 300 °C and ∼90 bar of hydrogen
did small peaks of crystalline Al metal show up in the XRD
pattern (i.e., Curve D in Figure 6) of the recharged sample.
Furthermore, the 27Al MAS NMR spectrum shows significant
Al metal (top spectrum of Figure 9c) following the sample
recharging, while virtually no metal signal was detected from
either the as-made or 400 °C desorbed material. Formation of
these Al metal particles was somehow stimulated during heating
with hydrogen. It is also possible to see this recovery of 27Al
NMR signal as a result of the treatment which often yields
reduction of metal particles. As a matter of fact, Figure 9c shows
noticeable reduction in 27Al MAS NMR signal intensity of the
400 °C desorbed material compared to that of starting AlB4H11
compound. We believe that a significant portion of aluminum
atoms became invisible after the desorption reaction and turns
into aluminum metal upon recharging treatment. There is
insufficient of information to postulate the identity of the
aluminum species, and this is a topic for further study.
It is envisioned that the material will discharge and recharge
hydrogen at much lower temperatures (<200 °C, most prefer-
ably <100 °C) for hydrogen storage application, thus the
decomposition products will very likely remain in an amorphous
state even after a very long-term thermal exposure. It is
postulated that such an amorphous state is much more favorable
for reversibility since it is not necessary in this case to react
two crystalline phases with different compositions to form the
hydride.
A second sample (i.e., ORNL-2) was hand ground with 2 wt
% TiCl3 powder in the glovebox then heated to 200 °C and
held for 4 h for desorption. Recharging of hydrogen was next
performed at 200 °C for 5 h under ∼90 bar of hydrogen. No
XRD peaks were seen from the as-made ORNL-2 hydride
(Curve C in Figure 6) while XRD peaks from only TiCl3 were
found in Curve B after the grinding and desorption/absorption
cycling, which suggest inhomogeneous mixing of the additive.
The NMR results of the TiCl3-catalyzed sample are shown in
Figure 10 in comparison with the as-made, nondesorbed sample,
as well as the sample desorbed without catalyst discussed above.
It is clear that some recharging has taken place as evident from
the changes seen in 11B MAS NMR in Figure 10. The 1H NMR
result (see Figure 9a) also showed that there was 20% additional
Figure 8. MAS and 2D MQMAS spectra for 11B and 27Al nuclei obtained from as-prepared AlB4H11 sample. Fitted spectra are displayed. (a)
Experimental 11B MAS NMR spectrum with decomposition into two peaks. (b) 11B MQMAS NMR spectrum at sample spinning rate of 13 kHz.
(c) Experimental 27Al MAS NMR spectrum at two different spinning speeds (16.5 and 40 KHz) with a fitted spectrum (16.5 kHz spinning, σiso )
124 ppm, Cq ) 13.3 MHz, ηq ) 0.33). (d) 27Al MQMAS spectrum at 40 kHz sample spinning (3.4 mg of sample). Spinning sidebands are marked
by *.
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hydrogen in comparison to the desorbed sample. The appearance
of a broad peak at ∼-40 ppm in 11B MAS spectrum indicates
that recharging of hydrogen results in the formation of BH4 like
units. The other broad peak is now seen at ∼-16 ppm which
implies the possible formation of [B12H12]2- type boron cluster.11
However, there is no noticeable change in 27Al MAS NMR
spectrum after the catalyzed hydrogen recharging. Therefore,
partial reversibility was observed in catalyzed AlB4H11 under
rather mild conditions (200 °C, ∼90 bar hydrogen). Solid state
NMR revealed that the hydrogenation occurred mostly around
the boron atoms. It is still too early to conclude whether the
uncatalyzed AlB4H11 is reversible since it was run at 400 °C,
not 200 °C (as was performed for the catalyzed sample).
Discussion
Concerning the structure of AlB4H11, both the IR and NMR
data collected in this study lead to the conclusion that the
structure of AlB4H11 is something other than that proposed by
Himpsl and Bond.4 These results also showed the B-H structure
suggested by Himpsl and Bond for AlB4H11 that was made in
analogy with known structures21 for various borane hydride
clusters based the polymeric structure of AlH3 is inconsistent
with the 11B NMR spectra in Figure 8a.
Solid-state FTIR revealed additional peaks at 1488 cm-1 with
a shoulder at 1393 cm-1. These peaks best correspond to
hydrogen-bridged Al–H–B stretching vibrations. An additional
strong peak at 700.8 cm-1 may be indicative of the long-range
Al---B stretch. Solid-state NMR revealed types of boron and
aluminum atoms that are closely located with hydrogen, possibly
the presence of B-H and Al-H in the compound. 11B MAS
NMR spectrum of the as-prepared AlB4H11 showed two major
boron sites at -37.4 and -50.4 ppm with the intensity ratio
2:1. The resonance observed at -50.4 ppm is unusually negative
and indicative of a boron site of high connectivity. A compre-
hensive review22 of 11B NMR of boron hydride compounds
supports that more hydridic borons and boron sites of high
connectivity in clusters have the most negative resonances. 27Al
MAS NMR study found that 4-coordinated single aluminum
site (from 27Al NMR shift of 124 ppm), likely AlH4, is present
and appears to be centered in a highly distorted coordination
geometry from a typical AlH4 type unit. It was also confirmed
that the structure contained no AlH6 units found in AlH3.19
However, current preliminary NMR studies showed no clear
evidence of the presence of Al-H-B or B-H-B bridging
bonds while 1H static NMR line shape is indicative of unusual
Figure 9. (a) 1H MAS NMR spectra of AlB4H11 samples during the desorption/reabsorption process. The relative hydrogen concentration ([H]) is
obtained from integration of a spectrum including all spinning sidebands (not shown here). (b) 11B MAS NMR spectra of as-made and processed
AlB4H11 samples, along with spectra of AlB2 (Cerac) and amorphous boron (Alfa) compounds. (c) 27Al MAS NMR spectra of AlB4H11 before and
after desorption, and reabsorption experiments, along with AlB2 and R-AlH3 (Dow).
Figure 10. Comparison of 11B MAS NMR spectra of as-made,
nondesorbed AlB4H11 sample (A), sample desorbed at 400 °C for 11 h
and then recharged under 90 bar hydrogen at 300 °C for 11 h (B), and
sample desorbed at 200 °C for 4 h and recharged at 200 °C for 5 h
(C). The catalyzed AlB4H11 showed indication of recharging of
hydrogen as shown by the appearance of new broad peak at ∼-40
ppm that shows intensities corresponding to the as-made (nondesorbed)
AlB4H11.
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environment. In this sense, our FTIR finding appears to be
crucially new important structure information. One might think
of performing NMR experiments that could provide evidence
through bond connectivity between two heteronuclei 27Al and
11B.23 No such attempt has been made in the literature to our
best knowledge. A perdeuterated version of the compound,
AlB4D11, could be ideal in indentifying the bridging hydrogen
since deuterium (I ) 1) shows much higher sensitivity when
positioned in electric field gradients of the bridging bonds. Note
that 1H MAS NMR resolution in the present study was not high
enough to reveal multiple hydrogen sites.
In any circumstance, our data and discussion leads us to
conclude that it is highly improbable that Himpsl and Bond were
correct in their supposition for the AlB4H11 structure. More
importantly, their stoichiometry of hydrogen has not been
confirmed. Our current chemical analyses via inductively
coupled plasma atomic emissions spectrometry and alcoholysis
indicate that the correct formula for the compound may be
AlB4H12 rather than AlB4H11. While both the IR and NMR data
indicate the presence of Al-H- B bonding and long distant
Al---B interaction that are reminiscent of the Al(BH4)3 starting
material, several inconsistencies lead us to believe this material
may be more than a simple structural unit. Its amorphous nature
also implies that this material could be composed of a collection
of oligomeric units rather than a single ordered compound,
which would explain the difficulty in assigning a structure even
after intensive spectroscopic studies. Taking all of this in
account, a definitive structure cannot be assigned at this time.
Nonetheless, Himpsl and Bond were correct in pointing out
the unique hydrogen desorption properties found with this
material.4 Most existing borohydrides with high-capacities
required very high temperature (e.g., >350 °C) and/or very high
pressures to achieve significant reversibility.3 The preliminary
reversibility results on TiCl3-catalyzed AlB4H11 under more mild
conditions (200 °C, 90 bar) is, in this regard, very encouraging.
Together with the high wt % H capacities and relatively low
desorption temperatures, the aluminoborane compounds are
attractive candidates for on-board hydrogen storage.
The reversibility is one of the biggest challenges for boron-
containing hydrides for hydrogen storage. When a high-capacity
boron-containing compound has potential for reversibility at
moderate conditions, it is worthwhile to investigate it aggres-
sively considering the limited options for viable, high-capacity
hydrogen storage.1,2 There may be ways to overcome the
possible diborane effusion from AlB4H11 through catalysts or
other methods as has been recently reported for borohydrides.24
Mechanistic study of such a material in comparison with other
borohydrides that give off diborane may provide valuable
understanding to allow development of diborane-free, high-
capacity aluminoborane compounds. It should be noted that
while the chemistry of the formation of boron hydride clusters
during the decomposition of diborane has been thoroughly
investigated, the chemistry of aluminoboranes is largely un-
known. This opens the door for the study of a new class of
hydrides for hydrogen storage. These amorphous materials have
remarkable stability compared to many boranes.
Some of the aluminoborane compounds such as AlB5H12 and
AlB6H13 start to decompose even at ∼100 °C.4 With catalysts,
it is likely that the desorption start temperature can be reduced
to <80 °C. AlB4H11 starts to release hydrogen at 125 °C without
any catalyst or additive. It is highly possible to find an effective
catalyst to bring the temperature down to <100 °C. Past
experience on Mg(BH4)2.2NH3,25 Mg(BH4)2,26,27 and other
borohydrides has shown that a 50 °C reduction of the desorption
temperature with catalysts is often achievable.
Conclusions
We were able to reproduce, for the first time, the synthesis
of the aluminoborane compound AlB4H11 reported by Himpsl
and Bond in 1981. We obtained a white, amorphous solid and
confirmed the main IR peak positions. Our own solid-state FTIR
revealed hidden peaks not reported by Himpsl and Bond
indicating the possibility of hydrogen bridged Al-H-B bonding
associated with this hydride. The present NMR results together
with the new solid-state IR spectrum offer strong evidence that
the structure of AlB4H11 is not what was proposed by Himpsl
and Bond.4 We also conclude from our chemical analysis that
the formula for the compound is closer to AlB4H12 than AlB4H11.
Although our collective data indicates that the structure proposed
by Himpsl and Bond is incorrect, further more comprehensive
studies are needed in order to assign a plausible structure to fit
the new AlB4H12 formula. Desorption studies using TPD-MS
and Sieverts measurement indicate that desorption started ∼125
°C, and more than 6 wt % H was released quickly at 200 °C,
about 8 wt % at 250 °C, and about 11 wt % at 400 °C. A small
amount of diborane was observed during the decomposition
process. Encouraging evidence of reversibility in TiCl3-catalyzed
AlB4H11 was revealed using NMR for a sample rehydrogenated
at 200 °C, 90 bar hydrogen pressure. The high hydrogen content,
low desorption temperature and reversibility at mild conditions
made this compound an attractive candidate for on-board
hydrogen storage.
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